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Abstract 

 

Voltage scaling has been a very popular low power design methodology in the industry. Having a 
quadratic relationship with the power consumed, lowering the supply voltage reduces the supply 
voltage considerably. But this mars the overall performance of the circuit. Optimizing performance and 
power simultaneously requires a thorough study of the available resources and tradeoffs possible. 

This project looks into one of the most important areas of contemporary research in electrical and 
computer engineering: energy efficiency [11, 19, 42]. Power and Performance are two conflicting goals a 
designer has to achieve [25]. With a number of performance oriented devices emerging with a huge 
demand of power from a fixed capacity battery, using the battery wisely becomes important. This 
project investigates the existing and suggests a new metric which can be considered while deciding upon 
the working conditions of the processor for optimal energy efficiency. 

Performance of a processor generally refers to its time efficiency. For given architecture, hardware and 
software, clock frequency (f), i.e., cycles per second (Hz), or cycle rate is the rate of computational work 
measured in clock cycles done per unit time. In a similar way, we introduce a new measure, cycle 
efficiency (η) as cycles per joule, or the rate of computational work per unit energy. Characterization of 
the technology used in a processor allows us to estimate its frequency and cycle efficiency as functions 
of the supply voltage. This data is useful in managing the operational characteristics of processors, 
especially those used in mobile or remote systems where both execution time and energy are 
important. 

As an example, we studied the Intel Pentium M processor in 90nm CMOS technology. We assumed 
90nm PTM (predictive technology model) because it is available for the required analysis using HSPICE 
simulation. At the nominal operating voltage of 1.2V we found f = 1.3GHz and η = 15 megacycles/joule. 
Consider a program that executes in 1.3 billion clock cycles on this processor. If we run the processor at 
1.2V, the program will run in 1 second and consume 86.7 joules. For operation at 0.6V supply, we 
determined f = 350MHz and η = 70 megacycles/joule, resulting in a run time of 4 seconds and 
consumption of 18.6 joules. We also found that at the extreme, if the processor runs at a subthreshold 
supply of 200mV, then f = 100MHz and η = 660 megacycles/joule. Now the program will take 13 seconds 
but will consume only 1.97 joules. Thus, characterization of a processor for frequency and cycle 
efficiency would allow its operation to be managed according to the time and energy requirements. 
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Chapter 1 

Introduction 

One of the principal design constraints that chip designers face today is power. Though Moore’s law 
permits further increase in number of transistors per chip, power figures restrain them from actually 
being implemented. Recent efforts in energy aware computing have examined many different ways to 
reduce power consumption for example [4, 9, 15, 17, 20]. Dynamic power management is one of the 
most successful design methodology followed for commercial integrated circuits (IC’s) [30]. Normally, 
supply voltage may be lowered by about 20-30% to reduce the power consumption. However, recently 
near-threshold and below-threshold voltage operations have been studied. It is found that if the power 
supply voltage (Vdd) is scaled below the device threshold voltage, small subthreshold currents slowly 
charge and discharge the circuit’s nodes reducing the dynamic power and leakage power. Hence giving 
longer battery life [16, 17, 18, 19, 38]. Though the circuit must be operated at rather low clock 
frequencies in megahertz range.  

The reduced power consumption comes with a price, which is either reduced performance or increased 
area or both. Varieties of processors available today vary from simple machines with modest 
performance and extremely low power consumption to processors with complex architecture and with 
huge power dissipation [5, 10]. With the recent increased demand in portability and performance, 
incorporating the flexibility to operate at various conditions satisfying these demands, becomes 
inevitable.  It becomes important to define new and check into existing metrics for achieving the same.   

We can trade off performance in the situations where battery life is limited and the task needs to be 
completed in fixed amount of energy resource. On the other hand, we can afford a very high 
performance if the battery is not allowed to be drained through continuous charging. These highlight 
the two extremes of the best performance and best energy efficient processor operation. Hence it is 
important to take in consideration the working conditions, available battery charge and performance 
requirement and optimize it universally. 

Power consumption affects various aspects of a computer system and its effects should be considered at 
all levels. Described below are few aspects which are directly related to power consumption [26, 27]. 

Battery life: An important consideration for mobile devices is the time span for which the device can be 
used without recharging or replacing the power source. This can be extended by power efficient designs. 
The performance, of course, remains another criterion, which may be sometimes traded off for power. 

Large scale power consumption: This aspect is not substantial when we talk of an individual desktop 
computer. When we take into consideration massive arrays of these used in big organizations, the 
power consumption can be substantial. Small savings in such large arrays can give us fairly large power 
saving. 
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Thermal issues: Power dissipation leads to heat generation. Excessive heat generation can impact a 
machine’s reliability and the cooling system cost and power. Besides, there is direct impact on the 
packaging size and cost. 

 

1.1 Power Dissipation in CMOS Circuits 

Power dissipation in CMOS circuits occurs in various ways. The major ways are described in the following 
section. Point to note is that the power dissipation can never be zero as a small current always flows. 
Power dissipation can be further divided into static and dynamic power dissipation. 

Ptotal = Pdynamic + Pstatic 

 

1.2 Static Dissipation 

Commonly known as leakage, is the ‘per cycle energy’ drain in the circuit when there is no activity in the 
circuit. Main cause for leakage power is the leakage current which flows due to subthreshold 
conduction. When we scale supply voltage below the threshold value, leakage current increases leading 
to increased leakage power consumption. 

 

1.3 Dynamic Dissipation 

It broadly constitutes of transition and short circuit power. It is formulated as  

Pdynamic = Cl Vdd
2 f  

 

1.3.1 Transition 

Transition power is dissipated when a transistor charges or discharges to change its state from high to 
low or vice versa. It includes the power consumed due to all the logical activity in the circuit plus the 
power consumed due to glitches. 

 

1.3.2 Short Circuit 

The charging or discharging of CMOS transistor to change state does not happen instantly. There is 
always some propagation delay while the transistors acquire the required voltages. There is a small 
period of time during this activity where in both the transistors are conducting. This leads to a small 
current to flow from the drain to the source and hence dissipate power. This power is majorly 
dependent on the rise and fall time of the input. 
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Chapter 2 

Performance and Energy Efficiency Metrics 

 

Performance has always been an important attribute and deciding factor when it comes to purchasing a 
new computer. Measuring and hence comparing different computers is vital for the purchaser and 
hence the designer [27]. There are various goals as to why we consider performance analysis. It helps us 
in comparing various alternatives and chooses the one which suits our requirement the best. It helps us 
in finding the set of parameter values which will result in optimum overall performance of the system. 
Performance analysis assists in determining the impact of a particular feature. Knowing the performance 
of a system we can set our expectations about its working. On a broader view we can identify relative 
performances of multiple systems. We can debug performance and alter set of specifications to get best 
performance [44]. 

Selecting a performance metric depends on the specific situation, its goals and the cost involved in 
collecting the required data. A good performance metric should be linear, reliable and should be 
repeatable. It should be easy to measure, consistent that is its definition should remain same across 
different systems and different configurations. Performance measure should also be independent of 
outside influences to avoid corruption of its meaning. 

 

2.1 System Performance Metrics 

A wide variety of performance metrics are proposed and used today in the field of computer science. 
Not all of them are good enough to be used in the industry depending on the qualities defined above. 
We will have a look at the most common metrics in the following subsection and have a brief evaluation 
on its stand as a good metric [22]. 

 

2.1.1 The Clock Rate  

It states the processor’s central clock frequency.  The purchaser assumes that a 1.2 GHz system must be 
faster than a 1 GHz system. This performance metric does not take into consideration the amount of 
computation actually accomplished in a given clock cycle. It also ignores the processor’s interaction with 
other subsystems as the memory and input/output. This is a good performance metric when we 
consider repeatability, consistency and ease of measurement and is independent. However, this metric 
is highly non linear and unreliable.  A faster clock in no way signifies that it runs the programs 
correspondingly faster. It is in a way misleading. 
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2.1.2 MIPS 

We can have metrics which measure the amount of computation performed per unit time. Rate metrics 
are generally normalized to a common base to make its comparison becomes easier. MIPS is a 
performance metric developed specifically for computer systems. It directly compares the speed of a 
system. MIPS stands for Million Instructions (executed) Per Second and is defined as 

𝑀𝐼𝑃𝑆 =
n

t ∗ 106
 

           

Where n is the total number of instructions and t is the time required to execute them. This metric is 
easy to measure, repeatable and independent but still doesn’t qualify as a very good performance 
metric as it is not linear and reliable. The main issue with MIPS as a performance metric is that it doesn’t 
take into account that different processors can perform different amount of computation in a single 
instruction. The different amount of computation in a single instruction is the core of RISC and CISC 
processors and renders MIPS as a useless performance metric. 
 
 
2.1.3 MFLOPS 

MFLOP comes as an improvised version of MIPS. MFLOPS stands for Millions of Floating Point 
Operations executed Per Second and is given as 

𝑀𝐹𝐿𝑂𝑃𝑆 =
f

t ∗ 106
 

Where, f is the number of floating point operations executed in t seconds. MFLOPS is more acceptable 
as floating point operations are more clearly comparable across computer systems than execution of a 
single instruction. This metric fails when we use it to evaluate a program which does not have a single 
floating point operation. The program might be doing a very important sorting, swapping or a searching 
a database type of operation. Also the way in which floating point operations are counted for a program 
is still questionable. 
 
 
2.1.4 SPEC 

SPEC stands for System Performance Evaluation Cooperative (SPEC) and was founded to standardize 
actual result of a computer system in typical usage. This group defined a set of integer and floating point 
benchmark programs that reflected the way majority of work station class computers were used. Most 
importantly they standardized the methodology for measuring and reporting the performance obtained 
while executing these programs. 
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2.1.5 QUIPS 

QUIP is an acronym for Quality Improvement per Second. This benchmark was developed to analyze th e 
’quality of the solution’ which is more meaningful to the user. The quality is defined on the basis of 
mathematical characteristics of the target problem [22]. Though it is not a general purpose metric, 
QUIPS is proving to be useful in determining a system’s numerical processing capabilities. 

 

2.1.6 Execution Time  

Finally, we are always interested in how quickly the program is executed. Thus the fundamental metric 
to analyze a system’s performance is the time taken required to execute a given application program. 
Performance can be measured in various units. The most common unit used is time. Time can be 
measured in seconds(s), microseconds (μs), nanoseconds (ns), or picoseconds (ps). Second most 
common unit is clock cycle. It is defined as the period of hardware clock. For a clock frequency of 1 GHZ, 
we say the clock cycle is of 1 nanosecond.  

 

 

𝐶𝑃𝑈 𝑡𝑖𝑚𝑒 =
CPU clock cycles

clock rate
 

 

 

CPU time is the time taken by CPU to execute a given program. It has two major components, User CPU 
time and System CPU time. User CPU time is the time taken by CPU to execute instructions of the 
program where as System CPU time is the time taken by operating system to run the program. 

Cycles per instruction (CPI) is another important performance unit. It tells us the average number of 
clock cycles utilized to execute a computer instruction. We also define Elapsed time (wall clock time) 
which is the time interval between the start and end of a program. 

 

2.1.7 Synthetic Benchmarks 

Synthetic programs are pre dominantly artificial programs that emulate a large set of typical ‘real’ 
programs. Algol and Fortran (Whetstone benchmark) and Ada and C (Dhrystone benchmark). The major 
drawback of synthetic benchmarks is that there is no well defined understanding of what a typical 
instruction mix should be. These benchmarks do not adequately generate meaningful result. In synthetic 
benchmarks the purpose of rating is defeated when compilers are written to optimize the performance 
rating. 
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2.2 Execution Time and Performance 

Performance is evaluated for a given program or a set of programs. Simplest way to summarize 
performance of a system is to compute execution time of the various programs used. 

𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 =
1

Execution time
 

 

Arithmetic mean is given as the average of the execution times. This value is always proportional to the 
total execution time. Arithmetic mean for n such programs is given by 

 

𝐴𝑣𝑔 𝐸𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 =
1
𝑛

 �Execution time (program i )
𝑛

𝑖=1

 

      

Though easy to compute, arithmetic mean is not usually used for measurement. We use Geometric 
mean which is defined as follow. 

𝐴𝑣𝑔 𝐸𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 = [�Execution time (program i) ]1/n
𝑛

𝑖=1

 

 

2.3 Energy Efficiency Metrics 

Energy efficiency is the ratio of performance to the amount of energy consumed to achieve that 
performance. The following section gives an overview of the most common metrics used to quantify 
energy efficiency of various circuit designs. 

Efficiency averaged on n benchmark programs is given by 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = �(
𝑛

𝑖=1

Efficiency i)1/n 

 
 Where Efficiencyi  is the efficiency for program i.  
 
Relative efficiency of a computer system is defined with respect to a reference computer. 
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𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =   
Efficiency of a computer

Efficiency of reference computer
 

 

2.3.1 Et2 Energy and time (square) product. 

This is one voltage independent metric and was developed for comparing cross processor analysis. It is 
proportional to [MIPS3/Power]. Being independent of voltage this metric is highly biased to 
delay/execution time. 

 

2.3.2 Power × Time (Energy per Operation) 

As the name suggests, this metric is calculated/measured for a given operation. It is the product of 
average power and time duration of the operation. In simpler words, it gives us the electrical energy 
used for performing a particular operation [18]. 

Our work focuses on characterizing a processor for a given technology and work out its energy 
efficiency. 
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Chapter 3 

Characterization of Intel Pentium M for given technology 

 

We characterize the Intel Pentium M processor in the 90nm PTM CMOS using the work previously done 
in the same technology. Figure 1 shows the energy per cycle for an 8-bit ripple carry adder through 
HSPICE [16] simulation in PTM 90nm CMOS [50]. The energy per cycle of an 8-bit ripple-carry adder was 
measured by HSPICE simulation at various voltages including above, near and below threshold values. 
This is shown in Figure 3.1 taken from a recent publication [45]. For a given Vdd and Vth pair, the 
relationship between energy and delay defines the minimum energy point. As the supply voltage and 
power have a quadratic relation, scaling the Vdd reduces the dynamic power as a quadratic function. We 
notice that beyond the minimum energy point, the energy per cycle (EPC) increases owing to increase in 
leakage power [16]. 

Figure 3. 1:  HSPICE [1] characterization of 8-bit ripple-carry adder in 90m PTM [48]. 

 

We interpolate points on the curve for Etot and find the equation that best fits the curve. In this case, the 
curve was perfectly defined by a polynomial equation of the order 4. This equation defines energy per 
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cycle (EPC) as a function of voltage. Assuming the processor’s energy per cycle will follow the same 
trend as the adder, we use this equation for characterizing the energy per cycle of the Intel Pentium M. 
We know the power consumed by Intel Pentium M at various voltages and corresponding frequencies. 
We use this data and the polynomial equation to derive an equation for the curve of energy per cycle 
(EPC) of our processor. Substituting the values of EPC and voltage we get the equation for the energy 
per cycle of the processor. Solving this equation for various values of voltages gives us the 
corresponding energy per cycle curve. Figure 3.2 shows the curve for energy per cycle (EPC) of Intel 
Pentium M. 

 

 

Figure 3.2: Energy per cycle for an Intel Pentium M Processor. 

 

The total time required by a processor to complete a task is defined as the execution time. Performance 
of a processor is defined as how fast the processor completes a given task or alternatively how less the 
execution time is [27]. We define a new metric to investigate the cycles that could be run per given 
amount of energy. Let’s call it the cycle efficiency (ȵc). 
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 η =
 1  

energy per cycle
 

 
Cycle efficiency can be defined as the number of cycles which can be completed per given joules of 
energy. Figure 3.3 shows the ȵc curve plotted along with frequency for different values of voltage. The 
performance curve for the processor will be parallel to the frequency curve as 

𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 =
 Frequency  
No. of cycles

 

 

From Figure 3.3 we see that as we scale the voltage and frequency, the processor becomes more energy 
efficient. But as we scale the voltage below the threshold value, the leakage power comes into picture 
and reduces the energy efficiency. Whereas the time performance drops down with lowered supply 
voltage. 

 

 
 

Figure 3.3 Cycle efficiency and frequency versus supply voltage for Pentium M. 
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consumes 86.7 Joules for the same. Whereas if we operate our processor at 200mV, the cycle efficiency 
is 70 megacycles/joule and the same program barely consumes 1.97 Joules of energy but takes longer to 
execute. We can operate our processor in between the ‘best performance’ and ‘lowest energy 
consumption’ points depending on our performance requirement and available energy resources. Table 
3.1 shows these operating conditions. 

 

Table 3.1: Time and Energy consumed for a program that executes in 1.3 billion clock cycles for various 
operating voltages and cycle frequency. 
Voltage Frequency Cycle Efficiency Time Total Energy 

Consumed 
1.2 V 1.3 GHz 15 megacycles/joule 1 second 86.7 Joules 
0.6 V 350 MHz 70 megacycles/joule 4 seconds 18.6 Joules 
200 mV 100MHz 660 megacycles/joule 13 seconds 1.97 Joules 

 
 

𝑇𝑖𝑚𝑒 =
C
f

                                        𝑇𝑖𝑚𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 =
1
f
 

            𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 (𝑖𝑛 𝑡𝑖𝑚𝑒 𝑑𝑜𝑚𝑎𝑖𝑛) =
1

Time
=  

f
C

                                        (3.1) 

and, 

𝐸 = C ∗ EPC 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
1

C ∗ EPC
 

 

Where, C is the number of cycles, f is operating frequency, and EPC is the energy consumed per cycle by 
the circuit. The energy efficiency in terms of cycle efficiency is given as 

                                     𝐸𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
η 
C

                                                       (3.2) 

From equations 3.1 and 3.2 we see that, the role played by cycle efficiency in energy efficiency is 
analogous to the role played by frequency in performance of the system.  

 
Thus, we have the cycle efficiency curve for Intel Pentium M. Depending upon the available energy 
resource and knowing the performance requirement, we can determine how many cycles can be 
executed. This helps us in determining the number of instructions that can be executed knowing the 
cycles taken per instruction. This work is dependent on certain factors and this dependency can be 
overcome by working on actual processors which needs to be characterized in a given technology. 
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Chapter 4 

Limitations 

 

This work uses power values obtained by running custom microbenchmarks to generate activity in the 
circuit. Power dissipated by a processor varies with the benchmark program used. Thus the power 
values have benchmark program dependency. Though our predicted trend holds to be true, the values 
remain benchmark dependent. 

 

The polynomial equations that we get for the curve for 16 bit adder can be termed as ‘almost perfect 
estimation’ or curve fitting. So the curve that we get for our Pentium processor has dependencies on 
curve fitting techniques and trend line formulation. 
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Chapter 5 

Conclusion and Future Work 

 

We can have the RTL description of the processor under scrutiny and run standard benchmark programs 
to get power values and plot the accurate curve. The maximum operating frequency can be decided by 
extracting the critical path of the given processor. Thus we can change the supply voltage and operating 
frequency of the processor and have several runs of the benchmark programs. 

 

If the above described technique is ran using various benchmark programs and the values are averaged, 
the dependency of the power values on the benchmark programs can be reduced to some extent. 

 

We used the existing work done in 90nm technology using the PTM CMOS Model. The same work can be 
done using other techniques. For example we can use the alpha power law model for MOSFETS to get 
the delay and the current and then characterize the processor. 
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